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A first overall assessment o f the submerged cylinder device has been 
prepared, from which at outline design for the principal components has been 
produced. A budget estimate for this design has been made, including 
allowances for annual operation and maintenance charges. 
The efficiency characteristics of the device have been determined 
from selected tank tests. With these efficiencies, the energy captured by 
each cylinder of an array has been estimated. Allowances have been made 
for the probable energy losses in each component through to the National 
network at Perth. 
On the basis of the preliminary specification for the device agreed 
in June 1979, at the end of Stage 1 of this Contract, the price of 
electricity delivered to the network is estimated to be 11. 4 p/kWh. This 
assumes a 5% discount rate and a 20 year operating life. 
A number of improvements to the reference design are already clear. 
Principally its tuned frequency should be increased so that the efficiency 
characteristics match the wave spectrum more closely. This single 
improvement in gross output appears sufficient to reduce the unit cost to 
about 8.5 p/kWh because of the significance of annual maintenance charges on 
the net annual revenue from sales of electricity. 
There is considerable scope to improve the design. Other power 
take off and energy transfer techniques deserve attention, and there is 
scope to rationalise the mooring and foundation arrangements. Because of 
the nature of its working environment, the same philosophy of using proven 
components or reasonable derivatives therefrom should be retained. 
The stable behaviour of the device in all sea conditions studied, 
and its high efficiency in the more persistent waves, confirm that this 
further step towards a comprehensive design of the basically simple, 
efficient and robust system is justified. 
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of devices. The turbine would be mounted on a platform connected to shore 
by high voltag e a.c. (or d.c.) lines. In view of the necessarily device 
specific nature of the power takeof f system, to suit the oscillatory motion 
of the rodes, and the more 'generic ' nature of the landward and onshore 
transmission, it was decided that our studies should, for the present at 
least, terminate with the turbine, though costings would include the 
transmission estimates of others through to Perth. 
The details of pumps given in Section 5 are therefore associated with the 
pipelines, turbine and platform foreseen as necessary for a nominal 200 MW 
string of cylinders. No attempt has yet been made to optimise the balance 
between the length of sea over which the devices are installed, the 
associated total length of pipework needed to minimise friction losses 
without an excessive number of pipes, the number of devices ( sea length) 
connected to each turbine, and the number of cables for interconnection 
either at sea or ashore. These and other topics appear among 
Recommendations for the next phase of Study of the cylinder device listed in 
Section 8. 
The important questions of costs, benefits and energy values are considered 
in two parts. With the information now available for the device, first 
cost estimates have been prepared. These are given in Section 7. 2, for 
various possible cylinder and anchorage systems. Annual maintenance 
charges including the replacement of individual items at prescribed 
intervals are also quoted. These are compared with the estimated energy 
delivered by the devices and their transmission system to Perth over a 
lifetime taken here to be 20 years. The efficiency data determined from 
the Edinburgh tests (Section 2.2) have therefore been interpreted alongside 
the annual wave height/period scatter diagrams from the s. Uist offshore 
recorder, together with the anticipated efficiency for each element of the 
resource (Section 7.3). This information gives unit costs when the benefit 
is discounted back to the start of construction. Alternatively the 
percentage return on capital or the cost per kW of installed capacity may be 
quoted (Section 7.4). 
For the real value of the resource to be judged, however, it has to be seen 
within the electrical system likely to exist during its lifetime. There 
are many difficulties to doing this, not least being that the timescale to 
the full installation of a wave power station is uncertain, as is the rate 
of build-up of the nuclear component. These will determine how readily wave 
energy may be integrated, hence its average unit value to the system. The 























It must be stressed that the objective of this Study has been to develop a 
fe asible design for the cylinder a nd its power takeoff system but not an 
optimised design. Thi s has been achieved . It is apparent that there is 
plenty of scope to improve the design . This is seen as work for a further 
stage of the Study. 
The structural and mechanical engineering of the design has been 
deliberately kept within the limits of known technology, and established 
methods of construction have been used in the cost estima te. As the design 
has only been developed in outline the rates used in the preparation of the 
budget estimate are conservative and take account of current conditions and 
rates of pay within the industry. 
inflation. 
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HYDRODYNAMIC PERFORMANCE OF SUB MERGED CYLINDER DEVICE 
2.1 Behaviour of Cylinder in Waves 
Like any floating, movable object, the circular cylinder wave energy 
device responds to the instantaneous (but changing) distribution of 
pressures about its outer profile. Because it is submerged, this 
distribution extends over its whole surface. In regular plane waves in 
deep water, the particle motion in the absence of the cylinder would be 
close to circular. This orbital amplitude decays exponentially with 
depth to only about 4% of that at the surface when the depth is equal to 
half a wavelength. 
If a long prismatic cylinder, axis horizontal and parallel to the wave 
crests, is fully submerged within this rotating velocity field, it 
would, if of small diameter, neutrally buoyant and undamped, be moved as 
if part of the continuum water body. As the ratio of its diameter to 
the wavelength grows, the phase of its motion will increasingly differ 
from that of the wave. Also its orbital motion will be some amalgam 
of : 
1. the integrated effect of the decaying wave-induced water 
motion over the volume displaced. For example, if the 
axis of the cylinder is at a depth equal to one-tenth of 
the wavelength and its diameter is equal to its depth, 
its orbit on this consideration alone would be at least 
53% of wave amplitude and perhaps as much as 60%; 
2. 
3. 
the effect of the rigid form of the cylinder on local 
water particle motions; 
any external restraints applied to limit the orbit of the 
cylinder and the damping applied to its motion by the 
power takeoff system at the sea bed (Section 5). 
Results from narrow tank tests at Bristol University for the interaction 
between wave height, cylinder submergence, damping and cylinder orbit 
are given here and in Section 2.3. 
For full energy absorption the sum total of the component elements of 
wave motion and cylinder response must be such that the particle motion 




















motion is a measure of inefficiency according to the product of the 
square of orbital diameter and oscillatory period, 
The converse of the above process is the classic mechanism whereby waves 
are generated when a submerged c ircular cylinder, axis horizontal, is 
moved in a circular orbit without rotating (Ref,!). For small 
cylinders the wave phase leads that of the cylinder by about 20°, but 
the angle is probably greater in the non-linear case of large 
cylinders, 
It follows that if a wave train of the same amplitude and period 
approaches the cylinder in the same direction as the generated waves, 
but so phased as to cancel the generated motion, the cylinder will 
effectively absorb the incident train, leaving calm water 'behind' it, 
The phase relationship between incident waves and cylinder is then 
apparently different from that for the. generating process considered 
previously. However, a cylinder doing work (generating) and one being 
driven (absorbing) will not necessarily be simply equal-and-opposite. 
This depends upon the 'damping' within each system, in the former case 
due to the mechanism by which energy is passed from cylinder to water, 
and in the latter due to the mechanical damping of the power takeoff 
arrangements. 
To analyse and design the cylinder and its moorings and power takeoff to 
withstand the pressures and fatigue forces 
waves, that is in all but breaking waves, 
due to the most persistent 
it should be sufficient to 
base calculations on linear diffraction theory, or a variant such as 
Stokes 3rd Order, together with an expression such as Morison's Equation 
to convert oscillatory particle velocities into forces. To do this 




The velocity field local to the cylinder can be approximated; 
The orbital motion of the cylinder is known; 
The phase of cylinder motion relative to wave motion is 
known, 
At the present stage it has to be assumed that the pressure field over the 
cylinder at any instant is due to the resultant of the particle 
accelerations that would, in its absence, occur at its centre together 
with its own motion, i.e., the net effect of the above three factors. 
Such calculations have now been made (Section 3.2) on the basis of 























expe r i ments i n r egula r wa ves of va r yi ng st eepness . The damping appl i ed 
to t he cyl inde r was var ied f rom a minimum ( no t zero) to a maximum ( not 
in f ini t e ). Thi s range of damp i ng wa s suffic i e nt t o re duce t he rati o of 
cy l i nd er orbital diame t er t o particle or bi t al diamete r a t the dep t h of 
the cy linder's ce ntre f rom approximately 1. 0 .to an amount that depended 
on wave he ight (Figs . 2 . 1 a-d and 2 . 2) . At the same time the pha se lag 
of the ze nith of the cylinder's orbit behind the crest of the wave 
increased from about 190° to about 230°. It should be noted that these 
r esults apply to a 12m diameter cylinder submer ged by 3m below still 
wa t e r level , in waves of height 9m (Hs ~ 12 . 7m) . 
The importance of submergence was also stud ied. The principal by which 
the device ope rate s (absorption with ne ithe r transmiss ion nor 
gene ration) suggests that this paramet e r should no t be less than zero 
( o therwise it would tend to perform like a rather ine ff icient 'duck') . 
Re sor t ing again to experiments for guida nce over a r a nge of dampi ng 
factors, it is cl ear that even with zer o subme r ge nce the r e i s only a 
small exposure of the cylinder near to or after the trough of the wave 
has passed (lag increases with the damping) but be f ore the principal 
increase in water level up to the crest occurs (Fig . 2 .1) . This is 
accompa nied by a much less circular orbit than when the cylinder is more 
deeply submerged in waves of the same height and period. Furthermore, 
the motion is increasingly deformed in higher waves, though in up to 10m 
waves ( the limit of testing so far) the fact that the orbit is then 
relatively f lat and somewhat erratic does not imply that energy levels 
up to the limits chosen for the power takeoff device will not be 
transmitted to the sea bed via the 45° rodes (Section 5 . 1), though on 
grounds of maximising the capture efficiency it may be worth considering 
a more shallow rode angle in association with a power takeoff with 
higher rating (Section 8). 
Zero s ubme r gence could there f ore be chose n to coincide with l owest 
ast r onomica l spring t i de leve l. 
2 . 2 Experimental Results from 'Edinburgh' Wi de Tank 
2 . 2a lntroduction 
A first assessment of the model studie s carrie d out a t Edinburgh in Ma y 
197 9 wa s includ ed i n our Int e rim Re port ( June 1979) . A full re view i s 
g iven he re. 
6. 
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These t es t s (Tabl e 2 . 1) were chosen t o cove r a broad spread of 
conditions suf ficient to show the overall performance and stabilit y of 
the device in more realisti c waves t han had theret o be en possible. The 
total of 33 experiments included cylinders with aspect ratios (length : 
diameter) of 2:1, 4:1 and 6:1. The few data taken for the 2:1 cylinder 
were corrupted in the acquisition phase and cannot therefore be 
presented. 
The 4:1 cylinder generally behaved best so it was chosen for more 
detailed study. All tests were recorded on film to facilitate 
subsequent analysis and judgement of overall performance. 
2.2bThe Rig 
Some details of the rig were given in our Stage 1 Report, pp. 19-20. 
The dimensions of the model are interpreted, by a linear scale factor of 
120: 1, to represent a prototype cylinder 12m in diameter ( the 
corresponding length should be 48m, but the addition of domed ends for 
reasons explained in Section 4 gives it a nominal overall length of 
SOm). However the model water depth then corresponds to about 144m 
rather than the favoured depth of 42m taken elsewhere through this 
Report. The principal findings of the laboratory tests will not be 
altered appreciably by this discrepancy, since the waves of interest lie 
in the length range 80-200m, i.e., the real effect on them of a water 
depth of 42m is small (though the actual wave climate at each depth off 
the S.Uist Islands may in some respects differ appreciably. 
climates, especially the swell components, were not modelled). 
2.2cPerformance of Cylinder 
Actual 
The results for power capture in moderate seas ( up to incident energy 
levels of 300 kW/m, e.g., waves with a significant height Hs of nearly 
8m and 10 second period Fig. 2. 3) give an overview of cylinder 
performance. Most of these data apply to tuned conditions, with waves 
having an energy period of 8-10 seconds. The three points below the 
25% efficiency line apply to a fully developed Pierson-Moskowitz (P-M) 
sea having an energy period of 11. 6 sees, i.e., as a storm grows, the 
efficiency ( though not necessarily the actual amount) of power capture 
drops off as both wave height and energy period increase. 
The points which fall in the range of incident energy levels from 40-60 
kW/m (say regular waves about 2. Sm high with 8 second period, or 2m at 
12 seconds Fig . 2 . 3) give highest efficiencies, about 100%. 
Long-crested P-M seas come next, then short-crested P-M seas. The data 























TABLE 2. I -0 
Q) ...... 
Cl) ,-._ co 
:::> ~ J..J 
0 C 
EXPERIMENTAL DETAILS H.-< Q) Q) Q) s E co 
-0 .0 ...... .,. J..J 
C .,. H co .,. Q) µ.., Q) 0 
...... Q) p.. 
CODE SEA ;,., Cl) >: U '--' w 
FI Head Sea Mod. H=2cm ( 2 .4m), T=0.91s( 9 .96s ) ABC *,~* ** 
F2 Head Sea Severe H=8cm(9 .6m), T=0.91s(9.96s) ABC *** ·** 
F3 Oblique Sea Mod. H=2cm( 2 .4m), T=0.91s(9.96s) ABC *** . ·* 
F4 Oblique Sea Severe H=8cm(9.6m), T=0.91s (9.96s) ABC *** ** 
F5 Beam Sea Mod. H= 2cm( 2. 4m ) , T=0 .9Is(9.96s) ABC *** 
F6 Beam Sea Severe H::,, 7cm(8 .4m), T=0.9Is(9.96s~ ABC *** ·** 
F7 P-M Sea with Mitsuyasu Spread (Short-Crested Mod . ) 
H ::,,0.7cm(0.84m), T = 0.75 s(8.2s) ABC *** . ** rms e 
F8 P-M/ Mit.(Short-Crested Severe) 
H x l.5cm ( l.8m), T = l.06s ( I 1.6s) rms e ABC *** ** 
F9 P-M/Mit.J/8 Wave Angle Mult. (Long-Crested Mod.) 
H 0.7cm(0.84m), T = 0.75s(8.2s) ABC *** ** rms e 
F!O P-M/Mit.1/8 Wave Angle Mult. (Long-Crested Severe) 
H = I . 5cm( I . 8m), T = I . 06s ( I l . 6s) ABC *** . *. rms e 
FI I P-M/Mit. Oblique (Short-Crested Severe 45°) 
H =l.5cm(l.8m), T =l.06s(ll.6s) ABC *** . ** rms e 
Rl ( a) Regular Period-Amplitude Sweep H=l.0-6.0cm( l.2-7.2m ) 
-R6 (d) Head Seas T= I. I I-0.62s(l2. l-6.8s) B 
Ol (a ) Regular Period-Amplitude Sweep H=l.0-6.0cm( l. 2-7.2m ) 
-04(d) Oblique Seas T=0.91-0.62s(9.96-6.8s) B 
PMIA RM/Mit . Short-Crested Amplitude Sweep 
-PMIC H =0.7J-J.23cm(0.85-l.4 7cm), T =0.74s(8. ls ) B rms e 
PM2A P-M/Mit. 1/4 Long-Crested Amplitude Sweep 
-PM2C H =0.75-1.5cm(0.9-1 . 8m ) , T =0 .74s(8. ls) B rms e 
SSS P-M/ Mit . Short-Crested Severe H =2.96cm( 3.55m), T =0 . 82s E rms e 
FWI P-M/Mit.with Freak Wave Breaking on Cylinder B 
FW2 T =1.06(11.6s) H =I.Ocm( l.2m) & 2.0cm(2.4m ) e rms 
with Freak Wave at Cylinder 
CYLINDERS USED 
CODE Model Size - Length x Dia.(mm) Scale Size Length x Dia. ( m) 
A= 2 : l 200 X 100 24 X 12 
B=4: I 400 X 100 48 X 12 
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cylinder is then only I / 2 of its a c tual leng th (but s ee also Sections 
2 . 2d a nd 7. 3 because this r eduction fa c t o r is ope n t o some 
misinterpretation for the ca se of t he cylinder in oblique waves) . 
Fig . 2 .4 is a n e xtension of Fig . 2 . 3 t o includ e seve r e s eas , The upper 
limit of 0 . 8 MW / m shown fo r the x-axis in fe r s , say , s hort - cres t e d wave s 
12m high and 11 second period, g iving nearly 40 MW ove r the length of 
the cylinder, The power captured by the model at this level was 
equi valent to 8MW, though as shown in Section 5 this depends on the 
orbital amplitude permitted, Th e remaining energy pass e s over the 
cylinder . 
The results for the 6:1 tests are also shown o n Fig, 2 .4. Although 
from the short series of test s pe rformed at Edinburgh the 4: 1 cylinder 
appeared best as far as overall stability is concer ned , the limited 
comparison possible from Fi g , 2.4 does not fully confirm this . The 
film has greatly helped interpretation, It is important from many 
points of view that the optimum aspect ratio is identified; this must 
await further test data (Section 8), 
The detailed efficiency curves for regular, oblique and short-crested 
seas (Figs, 2,5 - 2.7 resp,) were included in provisional form in the 
Interim Report, Fig, 2, 5 shows the characteristic fall in efficiency 
with increasing wave height, though as mentioned above the actual power 
captured nevertheless goes up (Fig , 2,4). The dashed line in Hg, 2 . 5 
is the appropriate theoretical curve for 2-D small amplitude waves , It 
may be coincidence that it appears to fit the data for 2 .4m wa ves 
approaching normal to the axis of the cylinder, though the steepness of 
these waves, at 1: 40, is sufficiently small for linear theory to be a 
not unreasonabl e approximation to this and to all less steep waves 
(further interpretations are made in Section 7.3). 
The high freq uency end of the 2 ,4m data in Fig, 2 ,5, also other data not 
plotted, suggest that the cylinder captures energy from beyond its own 
length. However, the extent of this cannot yet be specified. Clearly 
it could be an important feature of the cylinder device, allowing them 
to be spaced out without incurring a corresponding loss of e nergy . 
However, this is not a strong argument in favo ur of short cylinders 
(more ends per unit length of sea), nor i s it clea r how capture 
efficiency decays with distance beyond the cylinder hence how the 
energy not captured varies with gap between cyl inders. 
are needed to clarify this (Section 8), 
8 . 
Further tests 
·I 8 Aspect Rat io- 4 :1 6 :1 Experiment. \4 :1 as Fig.2.3) )( 
+ 
I Direct + a, F1,F2 . 
45° Obl ique X ® F 3,F4. 
I Side-on 0 @ F6. 
7 Short crest PM A! @ F7,~8 . 
I Long crest PM ea @ F9, F10 . 
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From Fig . 2 . 5 i t seems r easonable to conclude that the high efficiencies 
calculated from 2- D theoretical work apply t o the 3- D cylinder in waves 
having incident ene r gy levels of at least 50 kW/m (e . g ., up t o Hs = 
3m, period= 10 second s , though energy content depends on crest length ) . 
Because about 25% of the S. Uis t energy spectrum (for 1976/77 ) lies 
within this limit, the deviation of experiment from theory shown by Fig. 
2.5 for greater wave heights (90% of the S. Uist spectrum lies below the 
equivalent of H = 4.8m) is perhaps of less immed iate concern than how 
much of the higher energy levels then available should be captured (see 
also Sections 5 and 7.3). 
Fig. 2.6 shows efficiencies based on the projected length of the 
cylinder in regular waves approaching from 45° to its axis. Peak 
efficiencies of well over 50% are achieved in small to moderate waves. 
It is significant that there is much less dependence of efficiency on 
wave height than for normal waves (Fig. 2.5). For regular waves higher 
than Sm, more of the incident energy appears to be captured in the 
oblique configuration, though the data needed to confirm or modify this, 
and more particularly to assess performance when the incident direction 
lies between normal and 45° (as it often will be for swell waves - see 
Section 7.3) has yet to be collected. 
Fig. 2. 7 shows how, for a P-M sea of constant energy period (Te = 8 
seconds), the efficiency again drops off with increasing wave height. 
In particular as the incident power rises sharply the power absorbed 
increases much less quickly. (As before, these results assume that 
cylinder motion is only restrained by the damping of the power takeoff 
system : the merits and consequences of incorporating devices to limit 
this motion above a threshold value are considered in Section 7. 3). 
Also, as expected, the cylinder is more efficient in long-crested than 
short-crested seas, though less than in regular waves of the same 
period. From these limited results it is unfortunately not possible to 
determine how efficiency will change as the energy period of the swell 
component of incident waves increases . The modelling of representative 
energy spectra is therefore an urgent task in future laboratory work. 
The results presented in Figs. 2 .5 - 2.7 imply that, for a nominally 50m 
long, 12m diameter cylinder, the energy captured in the cylinder could 
exceed 2 MW when the incident power density is 50 kW/m. With the same 
energy period this increases to about 4 MW at a sea state yielding 200 
kW/m, but to only 2 .5 MW if the energy period at this higher density is 
longer - which it usually will be. Hence the energy captured tends to 























that the maximum movement of t he cylinde r doe s not undul y increase the 
cost of the power takeof f dev ice rather than the transmitted power 
levels themselves, 
2,2dMooring Forces 
In addition to their function for transmitting the energy absorbed by 
the cylinder to the power takeoff devi ces on the sea bed, the rodes also 
have to secure the cylinder in storm seas, (No detailed considerations 
of failure probabilities and consequences thereof have yet been made), 
Figs, 2, 8 and 2, 9 show a selection of results for peak-to-peak and 
r ,m, s, rode forces recorded in regular normal waves of varying height 
and period, The data in Fig. 2. 8 for the range of periods 6, 8 to 11 
seconds have been averaged to give the curve in Fig, 2.10 which also 
shows other results in similar conditions, (These curves are dependent 
upon the restoring force provided by the leaf springs used in the 
'Edinburgh' rig; Fig. 2.11 shows their non-linear characteristic). 
Fig.2.10 also shows the load per corner of the cylinder, including 
buoyancy, in regular waves up to 9,6m high, for a wave steepness of 
1:10. (Section 3.3 describes how this information was extrapolated to 
'design' wave conditions, to give a specification for the type and 
number of rodes needed at each corner of the cylinder). In this respect 
it was found by calculation that the 'design' wave force had a value 
less than might be estimated by extending the curves in Fig. 2.10 to the 
appropriate wave height (i.e., wave period, if the limiting factor is 
wave steepness). The 'Edinburgh' data only cover regular wave periods 
up to 12.2 seconds (Fig. 2.8), but they do consistently show that much 
lower rode forces occur at the same wave height as wave period increases 
from 11.0 to 12.2 seconds. This is supported by the abrupt drop in 
efficiency shown in Fig. 2.5 over this range of wave periods (cylinder 
tuned to 8 sees), which suggests that the drop in efficiency with 
increasing wave height is associated with a corresponding drop in the 
rate of increase in rode forces. However, there are insufficient data 
to explain the shape of the individual curves. Furthermore a 
recommendation arising from the energy evaluation study reported in 
Section 7.3, suggesting that the tuned period of the cylinder should be 
increased to at least 10 seconds, is likely to reduce or reverse these 
trends in longer waves, though again for lack of data the full position 
is uncertain. 
At an operating wave height of 3m the recorded peak oscillatory load at 
one corner was about 415 Tf (=250 Tf r.m.s.), giving a peak corner load 
























Experiment Period (sees) 
R1 + --- 12.2 
R2 x--- 11 .0 
R3 o----- 10.0 
R4 o-·· - ·· - 9.1 . 
R5 ~ ·-·- ·- 7-8 
R6 o--- ·- 6-8 
I 
2 3 4 5 6 
Wave Height ( m) 
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wave inclination t o the normal increases. On the simp le basis of 
projected leng ths, i.e., neglec ting lateral energy capture (Section 
2.2c), only S0/ 60 ths o f normal i ncident ener gy will be intercepted, 
whereas for regular waves approachi ng at about 40° t o the normal the 
gaps between the cylinders ar e not apparent (though some loss between 
them by diff,:-action would presumably occur). 
efficiency curves in Fig. 2.5 ar e a little 
This suggests that the 
high. The i_ r further 
interpretation, together with the effects of wave inclination to the 
normal, is made in Section 7.3. 
There was no evidence of yaw instability. 
were observed on the 6: 1 model in oblique 
The only adverse effects 
regular waves where the 
leading end of the cylinder remained almost stationary whilst its 
trailing end executed a near circular motion. The 4:1 cylinder did not 
seem to display this behaviour. 
The cylinder was also tested in a freak breaking wave. This wave, in a 
P-M sea of energy period 11. 6 sees, was positioned to break on the 
cylinder. Although readings could not be taken during this test, the 
cylinder reacted abruptly (as may be seen the film), but remained on 
station and continued to capture energy after the wave had passed. 
2.2eConclusions from Edinburgh Tests 
1. The tests in the Edinburgh tank, even for 2 weeks with 




cylinder device and given 
The cylinder performed 
conditions tested. Its 
experience with the test rig. 
satisfactorily in all sea 
reduced efficiency in larger 
amplitude, short-crested waves 
since the absolute level of 
within the upper part of the 
the power takeoff system. 
was not a shortcoming 
energy capture remained 
sensible working range of 
The tuned bandwidth of performance appeared to agree well 
with 2-D theory and experiment. The tuning of damping (power 
takeoff), while still needing to be explored in detail, did 
not appear to be too critical for the present purposes of 
general assessment. 
As previously stated in the Interim Report, these results, 
al though lacking in detail, have been taken across a wide 
spectruc of wave conditions and have clearly shown that the 























Although the S.R. C. funded narrow tank investigations continue at 




How much energy captur e from beyond the length of the 
cylinder can be expected and therefore what is their most 
economic spacing? 
What is the best cylinder length bearing in mind the 
needs for maximum overall capture efficiency and minimum 
forces in severe seas? 




better tuned to the scatt e r diagram, including more and 
less mixed seas as appropriate? 
How is cylinder efficiency modified in high waves by the 
use of motion-limiting devices? 
How do adjacent cylinders in an array interact, and how 
does capture efficiency then vary with wave inclination 
in typical sea states? 
Should the cylinders be in a line or staggered? 
As before, the optimum research programme will involve answering some of 
the more important of these questions before others can be investigated 
efficiently. This suggests that the programme should include a number 
of short experimental periods with sufficient time between each to 
consolidate answers from one in preparation for the next. 
2.3 Additional Data from 'Bristol' Narrow Tank 
Although the nature of real waves and their action on cylinders of 
finite length introduces such important three-dimensional effects as 
lateral energy capture to the resulting motion, the basic exchange is 
two-dimensional. The narrow tank test programme for the submerged 
cylinder device, funded to Dr. Evans at the University of Bristol by the 
Science Research Council, has helped tp resolve several areas of 
uncertainty. These include: 
1. The motion of the cylinder relative to the incoming wave 
(Section 2 . 1). As part of that programme studies have 
been made of orbit shape, the ratio of orbit diameter to 
wave height (Fig. 2.2) and the phase lag between water 
particle orbit and cylinder orbit (Fig. 2.1). From this 
information a start has been made with the analysis of the 
energy transfer process f rom wave to cylinder, from which it 
is expected that objective decisions will follow regarding 
optimum values f or various parameters involved so that capture 
efficiencies may be maximised. 
13. 
























(Section 3). The 
in the 
amount 
calculation of rode fo rces 
of damping applied has been 
shown to be i mpor tan t, to which the addition of orbit 
limiting devices (Section 5) mus t soon be considered. 
Measurements of the damped phase lags have indicated 
values of about 270° , confirming that the motion of the 
cylinder when und e r load is very much 'inertia 
dominated'. 
The effect of cylinder submergence in still water 
conditions on its overall performance and behaviour. 
This parameter has been theoretically shown by Dr. Evans 
to exert quite a significant influence on the peakedness 
of efficiency curves. Ideally it should be zero. For 
various reasons this limit was rejected in favour of a 
submergence of 3m, not least because of tidal effects. 
The typical 4m spring tide range off the west coast of 
Scotland, coupled with the need for buoyancy not to be 
lost, would therefore give a minimum cover of lm with 3m 
as the mid-tide value. Although comprehensive 
efficiency data have only been recorded with 3m 
submergence, observations of cylinder orbit in regular 
waves over a range of heights have been made as the 
submergence is reduced to zero. Al though the cylinder 
orbit becomes a much flatter ellipse and the reflected 
wave component increases, high efficiencies were 
maintained. The maximum recorded exposure of the 
cylinder in waves up to 9m high was one quarter of its 
diameter, which is roughly the same as for the cylinder 
with 3m submergence in 9m waves. In future it may 
therefore be prudent to carry out most of the testing 
with a submergence of half the range of normal high 
spring tides at the site(s) under consideration, with 
























FORCES ON A MOV I NG CYLINDER 
3.1 Introduction 
Section 5 of our Interim Report presented 
forces on a fixed cylinder f or a survival 
the Morison dra g and 
wave 35m high and 16 




calculations were made for a 16m wave of 11.75s period, and gave peak force 
values some 10% less. 
The graphs also showed that by far the greater wave force was due to inertia 
effects, which is the product of the coefficient of inertial (mass), the 
density of water, the volume displaced by the cylinder, and the local wave 
particle acceleration (which is a vector, having magnitude and direction). 
When the cylinder is moving relative to the water (another vector), the same 
equation applies, but 'local wave particle acceleration' is replaced by 
'relative acceleration between cylinder and local wave particle', (again a 
vector). 
The problem is compounded by a phase lag that varies both through a wave 
cycle and with the degree of damping applied. Furthermore, experiment has 
shown that neither the cylinder nor the wave orbits are circular in the 
configurations under consideration. 
The present task is to determine rode forces in the above conditions for a 
cylinder orbiting through prescribed proportions of a sp~cified wave height, 
these proportions depending upon the damping applied. Because the earlier 
analyses showed only a small difference in rode forces between 16 and 35m 
waves, and because more recent information suggests that the 1 in 50 year 
wave at s. Uist may have a height of about 23m, it was decided to carry out 
the calculation for the moving cylinder using the 16m wave. Sensible 
comparisons may then be made. 
3.2 Analysis and Results 
From photographs (e.g. Fig . 2 .1 a-d) from a pulsed storage oscilloscope 
screen showing surface wave profile and fo re and aft rode displacements, for 
each of 4 wave heights and with minimum and maximum damping, the second 
derivative of displacement with respect to time (i.e. acceleration) was 
determined throughout each cycle . The accelerations of 2 rodes on 
orthogonal axes can be combi ned with theoretical particle accelerations t o 
produce relative accelerations from which inertia forces, when combined with 





















From the experimental evidence available to date it was assumed that wave 
particle and cylinde r orbits are circular and r egular in time , App rox imate 
rode forces we re then obtained comparatively quickl y . From tests in waves 
equivalent to 9m high, and assuming that all motions are re gular and simple 
harmonic, the wave investigated analytically is, as be f ore, de f ined by H = 
16m, T = 11,75s d = 42m. The cylinder is tethered at y + d = 33m and can 
move in restrained orbits, Two loading cases have been studied: 
Case 1 
Case 2 
Assume the cylinder is under minimum damping conditions, has an 
orbit diameter of 9. Sm and a phase lag of 190° relative to the 
surface wave crest, 
The Morison Drag Force is 474 Tf , 
The phased horizontal, vertical and vertical+ buoyancy forces are 
shown on Fig, 3,1, 
The vectored resultants are shown on Fig, 3,2, 
The phase rode forces are shown on Fig, 3.3 and peak at about 2,020 
Tf/side, fore and aft, 
Assume the cylinder is under maximum damping conditions, has an 
orbit diameter of 7.0m and has a phase lag of 230° relative to the 
surface wave crest. 
The Morison Drag Force is 1,403 Tf. 
The phased horizontal, vertical and vertical+ buoyancy forces are 
shown on Fig. 3.4. 
The vectored resultants are shown on Fig. 3.5, 
The phased rode forces are shown on Fig, 3. 6 and peak at about 
2,950 Tf/side, fore and aft. 
These rode forces may be compared with the peak 'rigid cylinder' estimate in 
Fig. 5.10 of our Interim Report (reprodu ced here as Fig. 3.7), As the 
cylinder orbit reduces from 9m (minimum damping, 190° phase lag, Fig. 3. 3) 
to 7m (maximum damping, 230° phas e lag, Fig . 3.6) to zero (Fig. 3.7), the 
force per side of the cylinder, including buoyancy, increases from 2020 Tf 
to 2950 Tf, and finally to 3250 Tf . 
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Clearly the change in phas e and t he r educ ti on in orbital diameter combine to 
have a major influence on rod e f or ce s . Fo r the reasons discussed in 
Sec tions 5 and 7, it i s propos ed tha t the orbital diamet e r of the cyl i nde r 
is r estricted above movements of 3- 4m , the preferred amount depending upon 
the propor tion of the availa ble energy resource then sac r ificed . 
in mind the data in Fig . 2 . 2 , it now seems more like l y that 
Bearing 
a damped 
cylinder in 16m (regular) waves will have an unrestr icted orbit of 4-Sm, and 
that in the short-cre sted seas if crest l engths ar e less than SOm, which is 
typical of higher waves, the motion wi ll be less than this. 
For these reasons the proposed 3-4m limit for the power takeoff system has 
been set. From the force calculations presented above, the rode load may 
reach about 3000 Tf/side, though the sp ring constant of the fender used to 
limit rode movement (Section 5) will determine the rate of deceleration of 
the cylinder hence the f orce in the rodes at that time. In view of the 
non-circularity of the orbits of a cylinder not under this influence in high 
waves, little reliability can be put on the accuracy of analytic estimates 
of rode load when the damped cylinder is moving under this influence in 
these conditions. Clearly it is essential to establish this at the 





The longitudinal bending moments in the cylinder; 
The necessary number of rode s per cylinder and their distribution 
along its length (the proposal in Section 3.4 for 3 chains per 
corner, or 12 per cylinder, is made on the best evidence of loads 
available to date) - Sec t ion 3.3); 
The design of the fenders and associated framework; 
The design of the foundation s . 
Fig 2.1 shows that the cylinder breaks the water surface under certain wave 
and submergence (depth to crown in still wate r) conditions . The fi lm 
confirms that this tends t o occur a f ter the trough of the wave has passed, 
when the water level is rising . The difference in level then quickly set 
up across the cylinder produces a nappe of water over it, giving a local 
patch of 'white water'. Because of the curved f orm of the cylinder it 
progressively loses buoyancy, and this helps to limit the vertical component 
of its mot i on. As a consequence , in high waves the cylinder orbit is 
elongated horizontally. The f urther design of the mooring arrangements may 
need to give particular attention to the influence exerted by this component 























3 . 3 Compa r ison of Ex pe r iment (Section 2 . 2d ) and Calculation 
The r e levant values of maximum r ode ( i, e , co rne r ) loads on t he cylinde r 
i n regul ar waves are : 
1. 
2. 









St eepness Max . Corner Loa d (Tf ) 
1/ 42 1150 
1/ 14 1670 
1/8 2000- 2200 approx . 
(by extrapolation) 
Calculation (3rd Order Stokes and Morison) 

















(b) Moving Cylinder (Present Report, Section 3,2) 
Minimum Damping (i , e , relatively free) 
16 204 1/13 1010 
Maximum Damping ( i , e, power takeof f operating) 
16 204 1/ 13 1475 
The cylinder devi ce operates in the inertia dominated regime , 
The above figures conf irm that the forces then imposed are 
determined more by wave steepness than by absolute wave 
height, 
Two variables which gr eatly affect the calculated l oads are 























The conditions given in 2(b) a bove ma y be int e r preted t o t he 
experimentally observed condit ions of a phase lag of 270° ( instead of 
230°) and an orbit diamete r of 3 . 75m ( ins t ead of 7m) in 16m waves 
(Fig,2.2). This leads to a maximum corner load of 1726 Tf. 
By comparison, the experimental data in Fig.2.10 give, for a steepness 
of 1/13 and height 9.85m, a corner load value of 1727 Tf. However, we 
do not know the exact damping constant in use during these tests, hence 
the figures cannot be compared exactly though the agreement is close. 
The very limited data collected in large amplitude mixed seas produced a 
maximum corner load of about 2600 Tf in a peak wave 22m high. However, 
we do not know either the steepness or short-crestedness of this wave, 
so cannot judge how realistic it might be. It is obviously important 
that this be resolved, though it may be difficult to prescribe a design 
wave sequence and its lateral structure in terms of probability of 
recurrence. It may be better to carry out a range of tests to 
determine the significance of wave height, sequence and 
short-crestedness. 
It is interesting to note that, at 1726 Tf, the loads for the corrected 
moving cylinder case are marginally higher than for the fixed cylinder 
case (1625 Tf). The effect of limiting the stroke (orbit) of the 
cylinder in very high waves will be to make it effectively fixed for a 
proportion of these cycles according to the limiting value chose (Fig. 
2.2). The limits will, of course, be applied towards the ends of the 
stroke, that is when the (inertia) wave force on the cylinder is decaying 
and reversing. A much elongated orbital motion in the horizontal 
direction such as occurs with small submergence in high waves, may 
produce severe arresting loads in these conditions. It will be difficult 
to estimate these accurately from calculation methods alone. 
3.4 Design of Rodes 
In order to carry the peak co rner load of 2600 Tf measured in the 
Edinburgh tank for a 22m wave, the rodes have been redesigned from the 
proposal for 5 chains per side in our Interim Report to 6 chains per 
side, arranged 3 per corner. 
The chains are still of stud link chain cable, in supergrade steel, 
130mm diameter, with a proof load of 1249 Tf and an average breaking 
load of 1590 Tf. Load is shared even.]..y by a 4-point balancing beam 























Under this loading condition t h e average load in each of 3 chains is 
867 Tf, or 69 . 4% of pr oof load , This should be acceptable as a peak 
load, occurring approximately once in 50 yea r s (Section) . 
Although we que stion the specif i cation of such a steep wave fo r desi g n 
purposes, the theoretical load o f about 1700 Tf per co r ne r estimated in 
Section 3.3 produces an average load in each chain of 567 Tf, or 45 . 4% 
of proof load, This suggests that the 6-chain proposal offers the 
























The following detai ls should be r ead in conjunction with Section 8 of our 
I n te r im Report , 
(A) The preferred method of construction consists of Precast Segments of 
the cylinder , each 3m in length, with a central stiffening rib or, in two 
cases, with bulkheads. They would be closed with end caps and s tressed 
t ogether with epoxy mortar joints between segments , Fig,4 , J and 4 , 2. 
Construction Sequence Parallel Cylinder Ring Sections 
1 , Reinforcement cage with stressing ducts is prefabricated round 
post type jig allowing Electric overhead travelling (EOT) crane to 
lift completed cage of f jig (Fig, 4 , 1) , 
2, EOT crane transports cage and lowers it onto permanent lower 
mould consisting of tapered, epoxy resin coated concrete plug , 
3 , EQT crane positions outer circular shutter in th ree sections, 
clipped together with over-centre toggle clamps , 
4. Upper steel mould plug is then t r ansported by EOT crane and 
l owered into upper section of r einforcement cage , This s tands on 
its own spider of legs outside the segmental outer shutter and the 
legs are clamped to the ground to resist upthrust, 
5 , A counterweighted concrete delivery pipe of 6m radius on a central 
pivot is then lifted onto the centre of the upper shut t e r spide r 
(Fig , 4 , 2), 
6. Concrete delivery pipe is connected to the base of the pivoted 
boom and concrete is pumped into the mould , The upper mould and 
external circular steel shutters are pe r manently fitted with 
external vibrators to ensure compaction and removal of air 
bubbles , 
7 . The pivoted boom assembly is lifted off when concreting is 
complete and the fre e surface of the concrete is trowelled off 
smooth and f l ush, 
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8 . When the in itial se t ha s occ urred, the uppe r mould leg s ar e 
un clamped and the mould lifted of f b y EOT c ran e . 
9 . The circular ex t e rnal shutter is then tm c lampe d and the sections 
r e move d by the EOT crane . 
10 . After a curing period, currently thought to be between 12 and 18 
hours, the annular steel platform ar ound the bottom mould, on which 
the ring is standing, is jacked up to release the ring from the 
bottom mould plug . 
11. After release , a lifting spider is connec te d to t he annular 
platform an d the r ing lifted off the mould by Goliath Crane and 
moved to the loading bay. 
12. The lower mould plug is then cleaned, a fre s h annular platform 
fitted around i t and the cycle recommenced. 
13 • . At the loading bay, the Goliath Crane lowers the ring on to a 300T 
Trailer which transports it to the Curing area. 
Construction Sequence - End Caps 
1. Reinforcement cage 
anchorage tr umpets, 
steel moul d. 
is prefabricated, 
tran sported by EOT 
complete with stressing 
crane, and lowered i nto 
2 . Mooring point fixings are the n fitte d and the shutter completed 
ready for concrete. 
3 . Concrete is pumped and placed in a normal manner using poker 
v ibra tors. 
4. After initial set has occurred, the peripheral shutter and the 
special sections ar ound the mooring points are struck. 
S . After an i nitial c uring period, probably 24 hours, the end cap i s 
lifted ou t of the mould by a lifting spider connec ted to a ring of 
lifting points cast in t o the top of the concrete, which is the 























Erection Seqence - P .C. Uni ts into complete Cylinder 
1. Cxle e nd cap is lifted at the c urin g store by Straddle Gantry (Fig . 
4. 3), placed on to a 300T Tr aile r wh ich is towed to the Assembly 
area and run onto a tilt i ng table where it is turned ont0 its 
correct vertical alignment. The end Cap is then lifted off the 
table and moved to the assembly jig by a Goliath Crane (Fig. 4.4 
and 4. 7). 
2. The end cap is supported in the vertical position and temporary 
stressing cables and jacks positioned at some of the trumpets. 
3. The first end ring is similarly raised to the vertical, brought to 
the assembl y jig and placed a short distance from the end cap. 
4. The temporary stressing cables are threaded through the appropriate 
duets in the ring and locked to thrust pads at the free face (Fig. 
4. 5) • 
5. Epoxy mortar designed with the necessary retarded curing time is 
spread, by trowel or gun, on the mating surface of the end cap and 
the ring skidded along the jig by the temporary stressing cables 
6. 
until the faces meet. Sufficient pressure is then applied by the 
cables to ensure that an even joint of mortar is formed bet-ween the 
ring and end cap. 
Pressure is mainta i ned until the epoxy mortar i s set. The jacks 
are then released and the thrust pads removed from the free face of 
the ring. 
7. Subse quent rings are jointed in a similar manner and finally the 
other end cap is placed and jointed. 
8. The temporary stressing cables are then removed, the permanent 
stressing cables threaded, stressed, grouted and anchorages 
pro tee ted. 
9. The axial stressing platforms are then removed and the mooring 
points stressed to the end caps. 
10. The assembly jig is then tilted by hydraulic jacks s o that the 
completed cylinder 
transport it down 
trolleys and they 
and 4. 7) • 
rolls onto launching trolleys which then 
a ramp in to the water, where it floats off the 
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Assembly Jig - Brief Description ( Fi gs . 4 . 5 and 4 .6 ) 
The assembly jig consists of a steel st rue ture approximate ly Sm wide x 50m 
long, capable of rocking sideways through 45° whilst under firm control. The 
upper surface consists of rails set to a curve of 6m radius crosswise and 
horizontal longitudinally. 
At one end is a fixed structure supporting platforms for stressing and 
jointing. At the other is a similar structure which can move along the 
length of the jig for restraint of the sections during jointing and for 
eventual permanent stressing and sealing of stressing anchorages. 
Alongside the jig is a rail track for the launching trolleys, which describes 
a vertical curve down a ramp under water to a depth of approximately 8m 
(Figs. 4.1 and 4.7). 
Reference should be made to the attached programme which illustrates the time 
necessary to obtain the heavy equipment, set up the construction facility and 
commence installation of the cylinder units. 
(B) An alternative method of construction consists of one Precast End Cap, a 
Slipformed cylinder wall and one In-situ End Cap. Stiffening ribs are formed 
in steel at 3m centres with two watertight bulkheads, also in steel. The 
ribs and bulkheads are positioned after the slip of the cylinder and jointed 
to the cylinder wall by packing with epoxy mortar (Fig. 4.9). 
Construction Sequence - Slipformed Cylinders with Steel Ribs 
1. End Caps are precast with dead end anchorages for Macalloy stressing 
bars, cured, mooring points fitted and transported to a loading 
basin by 325 Tf Goliath crane. 
2. Three End Caps are placed onto a floating pontoon with prepared 
sockets (Fig. 4.9). 
3. The Pontoon is towed to and moored alongside a Construction Jetty 
in a minimum water depth of 40m (Fig. 4.10). 
4. A combined slipform shutter for the three cylinders is set up on the 
End Caps with a concrete distribution boom mounted on the shutter 
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5. The three cylinders ar e s lipfo rmed in one c ontinuous 8 day 
operation. The cyl i nders a r e br ac keted and strapped together as the 
slip proceed s . 
6 . When the slipfo rmed cylinder wa lls have reached a height of 14m 
above the P.C. End Cap, the Pontoon is ballasted down and removed 
for reloading with three more End Caps. At this stage, the three 
partly formed cylinders will float with approximately 4m fre eboard. 
7. At completion of the slip, the slipform shutter will be removed, 
cleaned an d re-erected on the next JX)n toon and end ea ps, 
8. During the slip of · the cylinder walls, plates will have been cast 
into the inner sur face at 3m height intervals, 3 plates at each 
level. 
9. A scaffold tower with cantilevered extensions will then be commenced 
inside the cylinder and brackets will be welded to the cast-in 
plates at the lowest JX)Sition. 
10. The first steel stiffening rib will then be lowered into the 
cylinder tmtil it rests on these brackets. The gap between the 
outside of the rib and the inside of the cylinder will then be 
caulked at the bottom and filled with epoxy mortar. 
11. The scaffol d tower will be ex t ended to the level of the next rib and 
the same process repeated . All ribs will be fixed in this manner 
and the scaffold ing lifted out of the cylinder. 
12 . The fourt h ribs from each end of the cylinder will be specials, 
having an internal flange onto whic h can be bolted, with a gasket to 
ensure water tightness, a steel disc to form the watertight 
bulkheads. These d i s cs will then be lowered into position and 
bolte d t o their respective flanges. The lower disc will be smaller 
than the uppe r in order to allow it to pass through the upper 
flange. 
13. A lost shutter is placed on the top of the cylinder and the top end 























14. When the t op end caps are sufficie nt ly cured, the Ma callo y rods, 
whi c h have bee n extended up the cylinder as t he sli p progresses, 
wil l be stressed and grouted, utilising gr o ut tubes cast in wit h the 
d UC ts. 
15. The an c horages will then be sealed and protected whilst the mooring 
point padeyes are bolted onto the end caps. 
16. All construction equipment, with the exception of the brackets an d 
straps linking the three cylinders, w~ll then be removed. 
17 . The three linked cylinders will then be towed to deeper water where 
they will be ballasted down until they are individually stable and 
the brackets and straps removed. 
18. They will then be separated and the ballast water pum ped out so that 
























POWER TAK.EOFF SYSTEM 
5 .1 Introduction 
The power takeoff system consi s t s of units mount ed on the sea bed (see 
photograph of model and Fig. 5.1 ) , These : 
1. 
2, 
provide the restraining force to counteract the cylinder 
buoyancy in a resonant system. 
pump sea water to a water turbine (as mentioned in Section 
1 the decision in favour of hydraulic rather than 
electrical coupling between cylinders, leading to a 
'central' turbine, was taken at the start of this Study. 
We appreciate that this choice could be reversed by the 
outcome of on-going generic studies, in which case the 
details that follow here would have to be changed to 
suit). 
The design point for each unit was taken to be 600 kW output with a 
stroke of 2.4m with a ten second period. The maximum power per unit is 
then 900 kW with a stroke of 3.6m, The possible case for higher ratios 
of power/stroke, as implied in Section 2.1, could be accommodated by 
adjusting the details give below, 
The design philosophy is to employ existing technology and use standard 
components wherever possible. Robustness and simplicity are essential 
where installation and maintenance are expensive and hazardous. 
5.2 Design Limitations 
In order to produce a design for the units, certain limits are placed on 
the main variables. In the extreme wave height conditions the cylinder 
orbit might be in excess of 9m. The present design limits the stroke 
to 4m to keep ram velocity, hydraulic accumulator capacity and maximum 
spring force within realistic limits, 
The water pump pressure differential should be as high as possible in 
order to reduce the water flow r a te and piston area, On the other hand 
high pressures lead to increased leakage losses and dictate the use of 
Pelton Wheel Turbines rather than Francis turbines, The present design 
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The maximum wor ki ng pr essu r e fo r t he hyd r a uli c s yst em is 300 ba r, 
limi t ed by t he rating of available acc umula t or s , A hi gher pre s sure, 
, say 400 ba r whi ch i s poss ibl e fo r t he r ams ) , should be consi de r ed f or 
f ut ure de s ig ns to mi nimi se capa c ity , if highe r pr ess ur e ac cumula t or s can 
be fou nd. 
5 .3 Basic Design 
The philosophy and limit a t ions a l r eady de scr i bed l ead t o a design of 
power takeof f unit which i s a linear a rray of f our hydraulic r ams, each 
with four accumulators, two wa t e r pumps and a stroke limiting device . 
These items are arranged in parallel be tween two beams, one attached to 
the cylinder rodes a nd t he othe r atta ched to t he sea bed. The action 
of the hydraulic rams is alwa ys t o pu l l the beams together . The linear 
arrangement allows the unit t o sway by a f ew degrees with the rode 
motion and makes poss i ble t he use of a number of anchoring attachments. 
Alternatively, the units could be se cured i n a hor izontal position and 
connected to the inclined rodes by pivoted rocker arms . The items a re 
spaced out to allow f or i ndivid ua l inspection and replacement . 
5 . 4 Beams 
The top beam is designed fo r the attachment of three chains with a 
maximum storm loading of 700 Tf pe r chain ( 2100 Tf per co r ner) . The lugs 
for sha ckles are s paced to mi nimise the bending moment on the beam . 
The beam could be an I-section 1200mm x 500mm fabricat ed from 50mm pla te 
f or the web and 75mm plat e f or the flanges . 
sides are employe d at t he a t t achment locations. 
Stiffening webs on both 
The bottom beam could consi s t of two universal beams 914 mm x 418mm, side 
by side with a space between. Plate s are welded be tween the beams at 
i nterva ls . The ski rt s of t he pump bodies ar e mounted on top of the 
beams . The anchoring i s to lugs welded t o the transver se plates . The 
hydraulic ram ends are pinned t hrough two lug s , one on top of each beam. 
The dummy pis t on rod on the pumps and the chains f or the s t roke limiting 
device pas s betwee n the beams . 
5 . 5 Pumps 
The two pumps a re double acting with piston r ods connec te d to the top 
beam. A dummy piston r od is us ed at the bo tt om to provide gui danc e and 
prevent buckl ing on the down stroke . The cyl i nd er bore is 420mm with 
150mm di ame t er piston rod s . 
simple seals . 























The flow control is by mea ns of ex t e rna lly mounted check valves. On 
the inlet valves strainer baske ts ar e fitt e d. The outlet valves are 
manifolded t h r ough a s e condary c he ck valve for the whole unit. This 
allows for t he removal or servicing of one pump without the requirement 
f or isol ating valves. 
joint to the t op beam. 
The active piston rod is connected by a pin 
The bottom of the cylinder is supported on a 
conical skirt mounted on the bottom beams. 
The pump pressure differential i s 5.25 MPa giving a rod load of 63 Tf. 
The pressure regulation will be at the turbine, but blow-off valves 
should be provided for each complete cylinder system (i.e. four power 
takeoff units). 
The dummy piston rod is encased in a rigid closed cylinder projecting 
between the bottom beams. 
5.6 Hydraulic Springs 
Each hydraulic ram has a pist on di ameter of 400mm and a rod diameter of 
150mm giving a force of 325 tonnes at the maximum working pressure of 
300 bar. Each ram is single acting and directly connected to four 
nitrogen filled bag type accumulators of 200 litres capacity. The 
nitrogen and oil fills are arranged to give a ram force of 1200 tonnes 
at full stroke and 770 tonnes (buoyancy load) at mid stroke. 
The rod is protected by a rubber gaiter which may require to be 
pressurised with air. The 1ccumulators are mounted round the ram and 
supported by it . The accumu l ators are coupled via a short ring main to 
the ram using the shortest po ssible pipe lengths. 
The unpressurised end of the ram would be evacuated. Should this 
prove impracticable after endurance tests, an alternative arrangement 
would use essentially unpre s surised hydraulic fluid connected to a 























5.7 Stroke Limiter 
The device for limiting the stroke to 4m employs chains and a section of 
hollow cylindrical rubber fender under the bottom beams. Beyond 3m 
stroke the chains connecting the top beam to a pla tform beneath the 
bottom beams become taut. A fu rther 700mm of stroke give a fender 
force of 240 Tf. The spring rat e of the fender then increases and by 4m 
stroke the fender force is 1000 Tf, For short strokes the slack chain is 
held above the bottom beams by bars passing throug h the links resting on 
the bottom beams. 
The maximum force is adjustable at the final design stage by varying the 
length of fender employed. The present design has a single 2m length 
of fender mounted in the centre of the unit. 
5.8 Operating Conditions 
It is recommended (Section 8) that a large scale model of a refined 
version of a power takeoff unit, probably much as described above, 
should be tested in the sea . This is needed to demonstrate the 
lifetime of its components, hence its maintenance costs. The growth 
rates of marine roughness on the pistons in conditions representing, 
say, their average movements during each month of the year (Appendix and 
Fig.A.4) is one of many important factors to resolve at an early stage. 
5.9 Bus Pipes 
The details given below are for hydraulic mains connecting the outputs 
of a large number of wave energy devices to a single turbine. The 
specification for the pipes was based on pump outputs up-rated from that 
given in Section 5. 2 because of the advantages that such a change was 
subsequently found to give to overall system performance, 
One pair of double acting pumps force sea water at a pressure of 5. 25 
MPa (= 750lb/ sq,in = 527m head) into a 250mm bore flexible (reinforced 
plastic) pipe, including a non-return valve, 
The flanged outer end of this feeder line i s bolted to a l.Om bus pipe, 
of assumed bore area 0.67lm2 inside the lining. 
The maximum outputs of eight wave energy devices produce a total flow of 
3.75m3/s, hence a final velocit y of flow in the bus pipe of 5,57 m/s, 
Total friction and entry losses on feede rs and a bus pipe 3, OOOm long 
are 53m or 10%. 
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Thirteen such bus pipes, but of generally shorter lengths, collect a 
nominal 208MW of captur ed energy , and deliver it, less an average of 7% 
f riction and entry losses, to a Francis turbine driving a generator, 
both mounted above water level on a gravit y- type platf orm. 
The pipes are designed as thin walled, to BS . 806 , to an all owable 
tensile stress of 21,000 l b/sq . in . The hydraulic des i gn assumed a 
roughness (k) of O. 06m . It is, of course , i mpor tant that this 
roughness does not increase apprec iably with time. 
The bus pipe can span some 75m unsupported, but t he end reactions may 
produce buckle propagat ion, hence long spans should be avoided. All 
pipes can be held in position by saddle weights to resist current and 
wave forces. Trawling would have to be forbidden. 
Laying of pipes of this size at sea is common practice . The maximum 
feasible size at present is thought to be l .Sm but we are not proposing 
to use them i n this scheme which has been based on well established 
technology. 
5.lOTurbo-generator 
Preliminary details of the principal dimensions and probable costs of 
turbines suited to the duty required have been received from two major 
manufacturers of this type of plant. A Francis- type unit of 200MW is 
likely to run at 428rpm (14 pairs of poles ) and could be mounted above 
sea level on a platform (Section 5.11) wi th i ts axis either vertical or 
horizontal. Alternately, two units each of lOOMW could be used. 
There would not appear to be a significant cost penalty in doing this, 
whereas conversion efficiencies f rom the variable flows delivered by the 
devices from, say, month-to-month (see Appendix) would be higher. The 
same trend towards more smaller turbines, but each coupled to fewer 
devices, would reduce the high cost of pipework, and may offer 
significant cost savings (Section 7.2). 
5.11Design of Gravity Platform 
The turbines , genera tors and anc illary electrical gear are carried on 
gravity platforms of reinforced concrete construction. The design of 
these platforms would be in accordance with North Sea practice. The 
platform for 75m depth of water as designed last year, when amended for 
say 40m depth, could be sailed with all equipment completed, from a West 
Coast of Scotland yard, and remain stable on passage and during 

























The seabed in the area West of South Uist is reported as of rock, uneven 
wi th a standard structural deviation for level of 4m, and with thin 
sedimentary deposits in depressions . 
Under such conditions where drag anchors cannot be used, the choice of 
anchor is limited to either gravity or to tension piles . 
Gravity Anchors 
Gravity anchors depend on friction to prevent sliding and weight to develop 
friction and prevent uplift. The anchors should be light enough to floa t 
and if of roofed cellular form, strong enough to be ballasted down. They 
should preferably be without internal support from compressed air but have 
sufficient remaining volumes to take the water required to give the anchor 
its submerged weight. If the cellular anchor is not roofed, then 
uncontrolled flooding occurs during immersion, and heavy crane ships are 
needed to control the descent . Rapid ballasting with s olid material must 
then follow . Both operations are weather sensitive . 
We chose the roofed version, as being more tolerant to bad weather on tow 
and during placement; two version s have been prepared in reinforced concrete 
(Fig . 6 . 1) and in grade 50 steel (Fig.6 . 2). 
When installed, the water ballasted anchor has to resist wave and buoyancy 
forces on the cylinder as well as submerged wave forces on itself. 
forces, horizontal and vertical, vary through a wave cycle . 
These 
Ass uming the anchor caisson is landed on banks of tipped stone or middle 
chalk, the coefficient of static friction is only 0.25 . A factor of safety 
of 1.6 is required against sliding. The required minimum caisson weight of 
10,500 Tf per device is derived from Fig . 6 . 3, which also shows the cyclic 
f orces for a 16 m wave of 11 . 75 seconds period. 
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The preparation of the se abed i s the same fo r either desi gn of caisson . en 
a map of the seabed, contoured at say 0 . 5m intervals, the optimum location 
and orientation of each de v i ce i s pl o t t ed, fol l owed by plotting and 
quantifying the two mound.;; of t i ppe d st one unde r each ar,c hor. The seabed is 
signposted with transponders durin g the original surve y , and these ma y be 
used again when tipping . 
A pontoon, with its four ener gy conversion mec han i sms and mooring chains and 
stub pipe water line, is towe d into position slightly ~stward s of its final 
position and held by four tugs rid ing a t anchor . hi umbilical containing si x 
each flood and vent lines i s connected to a command ship . Partial flooding 
of the ~st end compartme nts takes that e nd under and flooding is continue d 
until that end touches the bottom . Tugs correct its position and 
orientation as necessary, then floodin g of all compartments is continued to 
completion . 
A caisson ballasted to about 40° di p has a slow heave or rol l response, and 
placing by ballasting ought t o be possible in waves up to 2m high, which may 
be beyond the sea-s tate at which acc urate positioning can be mea s ured or 
con trolled . 
A c aisson can be raised by blowi ng out ballas t water with compres s ed air but 
it is safer and more controllable if built-in pumps are used . These would 
require a diver or mini-sub to connec t umbilical powe r and control cables 
from a surface command ship . 
Tension Piles 
Spudable pontoons exist that can raise themselves out of wate r 60m deep and 
vertical holes of 2 . 5m diameter have been dri lled under water into hard 
rock . 
The requirement fo r a rode of 2,000 Tf capac ity safe working load per corner 
o f each devi ce at 45° dip means that each cylinder requires four tension 























Without knowing tha t the r ock is un f issur ed and uncracked granite, it is 
prudent to l imi t the hor i zontal im po sed loading on the rock to some 
43 5 Tf / m2 (40 tons / sq.ft). The pile is then of 2 . 5m dia , to keep bend ing 
and shear s tresses down to manageable prooo rtions . Also, if the r ock is 
too broken to take tension, the necessar y bond length is some 14m at 45° 
spread (Fig.6.4). 
Proof of the existence of unbroken unmetamorphosed granite would lead to 
some reduction in pile diameter and le ngth. The abil i ty to drill into rock 
at an angle other than vertical would also lead to a reduction in pile 
diameter (Fig.6.5). 
The construction procedure is as follows 
Tugs tow the floating pontoon into position and hold it while the spuds are 
lowered to the seabed. The pon t oon then climbs up the spuds using a 
'caterpillar' jacking action, ( Spud i ng and despuding on rock requires 
fairly calm seas - say wave height l.Om maximum). All reachable holes are 
now drilled, working over the side. All holes are sleeved through 
sedimentary deposits and up to a common level per cylinder, then flushed 
out. An assembly of tension and shear reinforcement, and full depth grout 
pipe, all connected to a casting incorporating a padeye for a 2,000 Tf SWL 
shackle (pin dia. = 0.35m plus), is lowered into and orientated in the hole, 
which is then grouted up to overflowing from the pontoon. 
It then only remains to connect the power take off device by a single 
shackle to the completed and matured tension pile. 
Caution - it is possible that the bulk of a gravity anchor may adversely 
modify the surface and submerged wave motions over it. If the gravity 
anchor is more attractive than tension piles, this feature should be tank 
tested during Stage 3: it may require moving the devices to a 
correspondingly greater depth. Conversely it is possible that changes in 
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BUDGET COST ESTIMATES AND ANNUAL ENERGY OUTPUT 
7.1 Introduction 
A range of cost estimates through to and including the turbo-generator have 
been prepared. These are presented in Section 7.2 , The available 
performance data is assembled in Section 7. 3 to suggest the annual energy 
output of the generator fo r each cylinder device connected to it. From 
these two estimates, various methods of quoting unit costs are evaluated 
(Section 7.4). 
The worth of electricity generated from this source is explored in the 
Appendix . 
7.2 Budget Cost Estimates 
The unit cost figures contained in Table 7 .1 have been based upon the 
preliminary examination of five types of sea bed anchorage and two methods 
of cylinder construction. A comparison is made of the likely costs of each. 
The unit cost is that per cylinder device, taking into account the 
proportion of the associated costs that it should bear. 
The alternative systems are:-
(a) Anchor Units (Section 6) 
( b) 
(i) Reinforced concrete gravity anchor (Fig. 6.1); 
(ii) Reinforced concrete tray and rock kentledge; 
(iii) Steel box and concrete ballast gravity anchor (Fig.6.2); 
(iv) Large diameter piled anchor (Fig. 6.4); 
(v) Ground anchors (Fig. 6.5). 
Cylinder Construction 
(i) Precast sections 
(Section 4) 
(Fi gs . 4.1 to 4.8); 
(ii) Insitu slip formed shells (Fig.4.9) 
Current rates for -labour and materials have been used. 
The budget cost exercise has assumed a 10 year construction period for a 
2000 MW Station (1000 cylinders) and a maintenance period over a lifetime of 
20 years. As wil l be seen from Table 7 .1 , allowance has been made for the 
replacement of anchor chains and power takeoff units twice during this 
period, and for maintenance at varying rates for other components. 
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The rates used in t he cost estima tes are deemed to be suf fic ient to cove r 
sundry component s and labour . They may be summarised as follows : 
Concrete (re i nfo rced or prest r essed) generally taken at £50/m3 
Shuttering rates vary between £6.00 and £50 / m2 
Steel reinforcement taken at £3 50/T 
Prestressing steel taken at £1,4 00/T 
Structural steel taken at £350 to £450 /T with special case s highe r. 
All the above rates are for supply and place or fix as appropriate. 
Sea bed pipeline costs are very approximate and as advised by BP to 
Wavepower Ltd. 
Major items of marine plant have been priced at current rates either 
experienced in the North Sea or obtained in the course of carrying out this 
and other current studies. Sma l ler craft are covered in a general 
preliminary percentage . All major marine operations such as piling or 
installing cylinders have been assumed to suffer 50% downtime due to weather; 
either standing time has been priced or alternatively provision made for 
mooring in safe harbours during the winter months . 
A general allowance of 15% has been made on most operations to cover the 
cost of back-up labour and plant and general preliminaries including 
management. It is recognised that this percentage will in fact vary widely 
and a more detailed pricing exercise would take this into account. It is 
believed that this across-the-board addition should be sufficiently accurate 
for present purposes . 
It will be seen that contingencies have been allowed at varying rates in 
Table 7 . 1. The variation represents the degree of definition in desi~ n 0 ( 
pricing of the elements but in no way reflects on the feasibility of th-e 
proposals. 
It is recognised that contingency factors and maintenance allowances could 
be subject t o considerable difference of opinion and hence it has been 
thought desirable to set out clearly the allowances made. 
Though it will be seen from Table 7 .1 that the cheapest solution is the 
combination of concrete box/rock fill anchor with a precast cylinder 
construction, it is recommended that for the time being the cost studies 
should be based on the use of the large diameter piled anchorage as proposed 
by Raymond International. There are two factors with the rock filled 























(a) the vulnerabilit y to bad wea ther dur ing tow an d 
ins tallat ion, and; 
(b ) t he effect of so large an anchor block in 40m dept h of water 
on the waves . This problem is common to all t he gr avit y 
ancho rs conside r ed. 
The recomme nded budge t es timates for one cylinder, out of 2000MW power 
station, complete with moorings, power takeoff and proportion of seabed 
pipework, converter t ower and turbo- gene rator are 
Capital cost est i mate including i nstal l a tion 
and 5% design fees 
Maintenance allowance estimate 
£5,250, 000 
£ 200,000 per year 
These cost estimates includ e no allowance fo r financing cost s other than an 
allowance for building finance on the construc tion facilities. 
No furthe r work has been done in this study on the conver ter towers and 
figures have been taken from last year's work with adjustment f or reduction 
in water depth. It is also pro posed to take transmission costs from the 
converter t owers to the grid at 1 p per kWh as adv i s ed by TAG6; this has 
been included in the figures used in Section 7.4. 
The designs were f ormulated at a late stage of the relatively short study 
period and this has left little time fo r a cost est imate study . It is 
recommended that attention should be paid to this in the next phase of the 
study in conjunction with optimisation of design. 
7 .3 Annual Energy Output Estimates 
The calculations r e por t ed in this Section are based on the 1976/77 wave 
scatter diagram for the of f shore buoy at s. Uist (Fig . 7 .5) and the 3-D 
experimental data given for r egular waves (Fig. 2 . 5 ) and directional waves 
(Fig 2.7). 
As reported in Section 2 . 2, t he directional data are for one energy period 
only (8 seconds), hence they are of very little value f or the interpretation 
of the regular data to real wave conditions . In any case, the full fo rm of 
natural waves is uncertain as f ar as directional spread is concerned. Hence 
there mus t be considerable room to doubt the accuracy of the results given 
here. An estimate of accuracy is given at the end of this Section. 
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x = 2·4m results . 
- - - = Theoreti cal li ne. 
FIG . 7.6. 






















1. The small- amplitud e (dashed) theoretical line in Fig . 7.6 applies t o a 
cylinder diamete r of 12m tu ned to 8 seconds, when the s ubmergence is 3m. 
Thi s out er- e nve lope (Fig. 2 . 5) is close ly fitted by the expe dment a l 
dat a recor-ded in the Edinbur-gh wide tank fo r a 4 : 1 aspect rat io 
cylinder , submer gence 3m, diameter 12m in normal regular wav es 2 .4m high 
(Hs up to 3 ,4m depe nd ing on directional spread), over the range of 
periods 7-12 second s . It is ass umed that the same curve al so applies 
to all waves of smaller amplitude approaching normal to the cylinder, 
giv i ng a capture efficiency of 100%, It is assumed that the 3m and 4m 
contours should be interpreted to the data recorded for regular waves of 
2. 4m and 4, 8m, though in practice soch a discontinuity at 2, 4m is 
improbable , 
say, 3 . 4 < Hs 
7. 7). 
The amount of e ne rgy captured in the important range of , 
< 4 ,5m (Fig . 7.5) ma y therefore be understated - (Fi g , 
2, The curves make no attempt to allow for lateral energy capture from 
beyond the axial length of the cylinder, Although there is strong 
theoretical evidence for this, the expe rimental justification is limited 
to visual impressions plus a single ef fi ciency measurement of 125% in 
2.4m waves at 7 seconds. Also there is the fa ct that, as shown in 
Fig. 7.6, the 2 .4m curve appears to cor respond closely to the 
two-dimensional small amplitude theoretica l line, whereas at least 
marginally lower efficiencies might then be expected . (Note that the 
length of a 7s wave is about 80m, i.e. the steepness when H = 2.5m is 
1:32, or 3%) . Hence the curves f or wave heights of less than 2.4m may 
be pessimistic : efficiencies may exceed 100% because of the abi li ty of 
the device to capture ene r gy from beyond its length. If this is more 
prevalent at wave periods below, say, 8s , the total energy gain is 
unlike ly to exceed 10% and the recommendation in Para 4 below to 
consider tuning t he cylinder to greater wave pe r iods ma y possibly reduce 
thi s . In fact , however , theory sugges ts that lateral capture will be 
greate r in longe r waves . 
3 , Below T = 7s, the only evidence available, in addit ion to theo ry, is the 
'heavy cylinder' expe rimental data recorded by Dr, Evans in a flume at 
Edinburgh University. These data have helped r esol ve the shape of the 
latest Edinburgh plots in this short wavelength range, though below T = 
5s the i ncident energy levels are a very small proportion of the total 
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4. The pe rformance curves for H = 3, 4 , 5 , 7 and 10m have been drawn in 
Fig . 7. 6 from data for H = 2 . 4 , 4.8 and 7 . 2m (Fig . 2 . 5) on t he basi s 
that the efficiency and powe r out put cha r acteristics are continuous 
within the domain of wave steepness up t o t he limit of 1: 10. This 
fully encloses the 1976/77 S. Uist data reco r d (Fig . 7 . 5) , and gives t he 
energy density and efficiency r e lationships in 
by Fig. 7.9. A constant relationship of Hs = 
the Hs -Te plot shown 
/ 2H ha s been assumed, 
though the directional content of these will vary in some uncertain way 
with wave period. 
5 . Related experimental work at Bristol Universi t y suggests (Fig . 2.2) that 
the orb i t of the cylinder has a va lue of about 3.0m when H = 9m (or Hs 
= 12 . 7m). This is well beyond the scatter of occurre nces reported in the 
6 . 
S. Uist spectrum. It has been used in the mechanical design of the 
cylinder device as a limit beyond which the orbit of the cylinder need 
not continue .to increase with increasing wave height, even slowly, 
because of the cost of allowing for this in desi gn (Section 5). Indeed 
there may be value in r educing this limit to, sa y , Hs = 7m (cylinder 
orbit = 2. Sm), lowering mechanical costs with little loss of resource 
capture because the orbital motion of the cyl i nder would still continue 
though at reduced amplitude , the losses being very small until the wave 
height greatly exceeds the threshold selected . (The distri bution of 
cylinder efficiency with wave height through the S. Uist 1976/77 wave 
spectrum is shown in Fig. 7.7). 
The distribution of incident energy in the 197 6/ 77 S. Uist wave spectrum 
is shown in Fig. 7 . 8, together with the efficiency curve for energy 
captured f rom this spectrum by a 12m cylinder, 3m submergence, tuned to 
8s. It appears that the tuned fre quency is too low to make the best of 
the resource available at this location. Whether or not this is true 
mus t await further experimenta l tests with higher periods of tuning . 
In this connection it is instructive to compare the small- amplitude 
theoretical curves for 8s and 9 . 8s, both for 12m cyl i nders, 3m 
subme rgence (Fig . 7 . 10), Although the higher period g ives a more 
peaked curve and only increases by about 1 second the location of the 
effic iency curve for periods greater than the peak , t he ene rgy captured 
has been estimated to increase from 49.8% of the total resource to 61 . 7%. 
Fig . 7.10 also shows the theoretical curve for a 15m diameter cylinder 
tuned to 9.8s, and indicates that a further increase of 0.5-1.0 second in 
the position of the low frequency end of the curve rnay be achieved this 
way. This is equivalent to gains in efficiency of resource capture of 
about 10- 20%. 
39 . 
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7. The largest los s of r esour ce with the "9. 8s " cylinder is in the range 
10 . 5 < T < 13 . 0 . This suggests that t uned periods of up t o lls should 
8 . 
be considered, toge ther with the alte rnati ves of increasing the diameter 
of the cylinde r and r educing the s ubme r ge nc e (Fig . 7 .1 1) . On the ba s is 
of the limited evidence avai labl e it should tllerefure be possi bl e co 
design a cy linder device capable of cap tur ing up to 70% of the incident 
energy re source . Not e tha t al l efficiency valu es quoted here have be en 
de t e rmined on the basis of : 
(a) Regular wave data, for normal and 45° seas; 
(b) 50m cylinders spaced a long a line with 10m ga ps. 
The significance of mixed seas on overall annual captur e efficiencies 
cannot yet be judged wi th any precision . The data fo r T = 8 seconds 
from Fig. 2.5 are shown on Fig . 2 . 7 aga inst the only avai lable mixed sea 
information , for Te 8 seconds . The divergence between the 
efficiency r e lationships must be interpreted against the distribution of 
energy in natural seas having the same energy period. Thus Fig . 7. 5 
for S. Uist shows that , at this period, most of the available resource 
has Hs < 4m, or Hrms < lm for mixed sea conditions . 
of this energy lies in the range 2 < H6 < 4m, or O. 5 < H r ms 
The bulk 
< 1. Om, 
where , for example, the long- crested mixed sea ef ficie nc y is on average 
about 10% less than for regu l ar waves . For short-crested waves, how-
ever, it appears to be only about half that for re gular waves . But 
Fig.7.8 confirms that the r ela tive energy levels at Te < 8 seconds are 
small. Hence although some reduction in capture efficiency f rom tha t 
quoted in Para . 6 above is neces sary , the size of this is dubious because: 
(a) The available mixed sea data is limited t o one period; 
(b) The degree to which r eal seas conta in directionality at 
each period within t he ir spectra does not appea r to be 
known, yet it is clearly very important whe n det e rmining 
ove rall capt ure ef ficie ncy ( the fact that the regular 
and short-crested efficiencies t e nd to a common value in 
Fig . 2 . 7 applies at a value of Hs well in exce ss of 
that for the data record ed with Te = 8 seconds - Fig. 
7 . 5) . 
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On the basis of these arguments it is proposed that the ann ual cap tur e 
efficiency calculate d using regular wa ve data should be reduced by 5%, 
f r om 49 . 8% to, say . 47% , and that with the modifica ti ons to t he tuning 
and diame te r of the cylinder propose d in Para . 6 above, t he estima te d 
maximum capt ure efficiency s hould be r edu ced to abo ut 60%. In both 
cases extra tests are needed befo r e accura t e predictions ma y be mad e . 
9. In calculating the above capture efficiencies the available r e s ource was 
reduced by 5/6 t o allow fo r the gaps betwee n cylinders. The ef f ect of 
lateral energy capture has al ready been bui lt into the efficiency data 
( it could no t be isolated from it) . Wit h i nclinations of the waves up 
to 45° t he observed gap between the cylinders progressively reduces. On 
the ve ry limi ted data available (45° and normal only) it seems that the 
dec rease in efficiency with inclination is to a signif icant extent 
offse t by this increase in effective length. In any case, Re f. 2 
sugges ts that over 50% of i ncident swell at s. Uist lies within ±15° of 
the direction of peak e ne rgy (Fig. 7.12) and ove r 95% withi n ±40°. 
Using the data in Fig . 7.12, together with the assumption that 
pe rfo rmance drops of f as the cosine of the wave direction to 260°, and 
a llowing f or the reduction in gap width wit h increasing skew to 260°, 
the% of the energy distribution implied by Fig. 7 .12 (i.e., assuming 
any one storm could come f rom any direction) intercepted by the cylinder 
decreases by 4% f rom the value given by assuming that all energy 
approaches normal to the line of devices. 
10 . The available r esource at S. Uist for the year 197 6/ 77 (Fig. 7.5) has 
been estimated to be 421 MWh/rn. 45% and 58% of this, when captured by a 
cylinder 50m long , give 9.5 and 12.3 GWh. 
the cylinder as t ested , designed and costed. 
The lower figure applies to 
Bearing in mind the a bove evidence it is estimated t hat ea ch overall 
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7, 4 Unit Costs 





From Table 7, l the capital cost of each 50m cylinder 
device, including its moorings, power takeoff units and a 
proportional share in the common pipelines and 200MW 
turbo-generator unit, including its platform is £5, 25M. 
The construction, installation and commissioning of each 
200MW string has been estimated to , take about 3 years, 
and it is assumed that capital will be spent at a uniform 
rate throughout. An interest rate of 12% is assumed. 
The maintenance charge is equivalent to £0.2M/yr per 
cylinder (Section 7.2). 
Transmission cost onward from the turbo-generator to the 
grid has, on the advice of Dr. R. Taylor (ETSU), been 
taken to be equivalent to adding Ip/kWh to unit costs. 
Benefits 
In Section 7.2 the capture efficiency of the cylinder as 
designed was estimated to be 45%. 
efficiencies have been estimated: 
The following further 
Transmission to the Sea Bed (fluid turbulence) = 
Pump/accumulator combination = 
Pipeline transmission = 
Turbo-generator = 
The total efficiency is therefore = 29.4% 
The S.Uist scatter diagram for 1976/77 has an annual 






























Benefit/Cost compar isons 
The benefit/cost r ati o may be quoted in two wa ys , either 
as the r atio given by attaching a pa rt icular value to 
each uni t of electrical output, or by determining the 
unit value needed t o give a bene f it/cost ratio of 1.0. 
The latter approach is preferable in the present 
context, 
The lifetime of each 200MW installa tion will be taken as 
20 years, and a discount rate of 5% will be assumed. 
The benefit/cost ratio is de termined by discounting back 
to the present day the value of the energy produced 
during the 20 year life time, less the annual cost of 
operat ion and ma intenance , and divi ding by the present 
value of the construction cost including interest, 
On the basis of the above fi gures, the unit cost 
is 11.4 p/kWh 
This conclusion is the pessimistic upper limit, 
As explained in Sect i on 7.2, redesign of cylinder tuning, 
a small decrease in submergence, and perhaps a small 
increase in i ts diameter (rode and anchor forces increase 
linearly) should give an annual captu r e efficiency of at 
least 58% . 
We believe that the power-train efficiency values quoted 
above are low, as follows : 
Transmission to Sea Bed - raise to 98% if pto frame 
fixed: 
Pump/accumulator - r aise to 88% by opt imising design; 
Pipeline typical average efficiency 97 % 
Turbo-generator - perhaps 92% if dut y not too variable; 























Assuming the same dis tribution of energy wit h wave height 
as fo r the 1976 /77 data, the ene r gy delivered t o grid == 
9.36 GWh/cylinder. 
In this case, unit cost of electricity 7.9 p/kWh 
It should also be possible to improve unit costs by 
reducing capital expenditure per cylinder. A first 
eGtimate of this implies a saving of 25%. The unit cost 
would then be 6.7 p/kWh 
If the lifetime of the scheme is taken to be 30 years 
rather than 20 year s , and assuming the same average rate 
of expenditure on maintenance, these three calculations 
respectively give unit costs of 
10.1 p/kWh , 7.0 p/kWh, 6.1 p/kWh 
Another method of comparing costs with benefits is to 
relate the annual value of the energy produced, less the 
operation and maintenance costs, to the total capital 
committed on each 200 MW installation. Again, e i ther 
the annual value has to be specified in order to make 
this comparison, or the % return on capital indicated by 
this ratio may be speci fie d in order to show what annual 
value (or aggrega ted unit cos t) is needed to achieve it. 
The latter basis will be used here as being more directly 
informative for present purposes, with 5% return on 
capi t al. 
For the above three cases with 20 year lifetime, the unit 
costs respectively are : 
9. 5 p/kWh, 6.6 p/kWh, 5.7 p /kWh 
Finally, for some pur poses it may be helpful to quote the 
ratio of capital expe nditure at commissioning of an 
installation to the power then available . The comparable 
three figures, ignoring transmission line costs, are : 






















These last r atios give a simple means of comparing 
dif f erent t ypes of powe r st a t ion . However, they make no 
r efe r ence t o relativ e f uel prices , convers i on efficiency 
characteristics, annua l operation and maintenance 
charges, lif etime , and t he relative value s of the ene r gy 
produced. The latter t opi c is particularly important 
for resources like wave energy that have yet to be 
harnessed and integrated into an electrical network based 
on thermal plant. 
the Appendix. 

























CONCLUSIONS AND RECOMMENDATIONS 
This first des ign study of the submerged cylinder device has confirmed 
that its simple method of operation persists in all sea states and that 
its motion can be harnessed by proven technology. The forces imposed 
on the moorings in severe waves have been determined experimentally and 
theoretically and good agreement has been reached. An overall design 
for the structure and its foundations has been prepared, including the 
principal features of all elements of the power train through to the 
on-shore transmission link. 
The cost estimates suggest that the unit price of electricity delivered 
to the grid will not exceed 10 p/kWh, and initial improvements to the 
basic design indicate that prices of 5-6 p/kWh may be achieved. This 
range is only 2-3 times the probable present day value of electrical 
units. The study has only lasted six months, has not been aimed at 
producing an optimum design and therefore there is the clear prospect 
that the device is capable of development to an economic level. The 
rising price of all fuels, in real terms, will help this trend. 
We recommend that development of this device should be continued and the 
following studies should now be put in hand: 
(a) Carry out laboratory work in a wide tank using 
representat i ve waves to test a model cylinder with 
simulat ion of the power takeoff and anchorages proposed 
in this study or any mod ifications of such as are deemed 
desirable. 
( b) Optimise the cylinder design and construction methods. 
( c) 
( d) 
Optimise the power takeoff proposals. 
Test components of the power takeoff system, particularly 
the pneumatic spring, in sea water at a suitable scale. 
It is considered that early verification of the 


























Develop the anchorage de sign having regard to t he result s 
f rom the laboratory tank t ests . 
Take note of result s of generic studies wit hin the wave 
power programme on subjects such as sea bed power 
t ransmission, electrical conversion and transmission to 
shore and to incorporate applicable results into the 
desig n . 
Optimise the whole system. 
Prepare more accurate estimates of cost of electricity 
generated. 























SOME CONSIDERATIONS OF THE VALUE OF WAVE ENERGY 
A.I Relevant Feature s of Electrical Gr id 
Th e output of wave energy de vi ces is charac t erised by: 
1. Balancing short-term ou pu t variations (i.e. over minu tes o r less) 
from each device due t o the hydraulic collection system into whi c h 
ma ny devices feed; 
2 . Medium-t e rm variat io ns (e . g . days) as storms oc c ur, both at a 
distance and l ocally ; 
3. Lo ng-te rm variations (e.g. months) at a me an (medi um- term) output 
level, linked with the seas ons of the year. 
Toge the r, the se variat ions wi ll be accept ed to g r eate r o r les s er e xtent by 
the e lectrical network whi c h the devices supply, bearing in mind that: 
1. The network experiences r e latively reg ular demand var iat i o n s each 
day , though the level s change slowly from win t er to s umme r (a s Fig. 
A. l shows fo r the CEG.B network - not all netwo r ks have the same 
seasonal variation, and the de mands on some go~ i n summe r ) . 
2. Taking the CEGB system, there is already a bia s of in s talled 
capacity towards large thermal plant (Fig . A. 2), a trend that i s 
likely to conti nue in future. The nucl ear compone nt is e xpec ted to 
grow most quickly. This wi ll demand extra provision fo r st o rage, 
whether by pumped water as at Dinorwic /Ffestin iog/Crua chan / Foyers/ 
Cr~igroyston? /Tintwi st le? /et c ., or in other wa ys . Such plant will 
be pr ovided according to the operating co sts o f thermal sets best 
gear ed to base load . It is not imme d ia t e l y apparent how we ll 
' e xcess' wave e nergy co uld fit into thi s sc he me . The a n s we r s will 
relate to its pe r sistence o ver pe r iods of hours an d da ys . It i s 
clearly he lp f ul that hig he r e ne rgy output s occur in the wint e r when 
demand is h igh , thoug h i t is by no mea ns un us ual fo r di ff i c ulties of 
s upply also t o occur in the summe r, due to the high l evel of plant 
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Fig. 5 Estimated mean system characteristics in 1982/ 83 
(Source. S Catchpole (CEGB). IAEA Salzburg Conlerence. May , 1977) 

























3 . t o llowing from th is, the wave energy availabl e durin g the high load, 
daytime period wo uld either t o ta lly r e move the need for a 
cor r e spon ding capacity of thermal pla n t if it is a vailable at a 
roughly steady level throughout that period (i . e . fi rm at, say, 2 GW 
for that da ytime period, and cred ited accordin gly i f sufficient 
warning can be given that it will be firm during that period - hence 
the displaced plan t need not be available), or it would be supplied 
but at a variable or discon tinuous rate. In the latter case othe r 
plant would have to remain at a corresponding state or readiness. 
The periods of warning associated with the arrival and de cay o f 
swell and storm seas must therefore be specified if this aspect of 
its value is to be judge d . 
4. On the other hand, the wave energy harnessed when the load is l ess 





be reje cted . 
be supplied in preference to therma l , which in turn will not 
be generated. 
be stored in preference to thermal, which in turn will not be 
generated, or; 
be fe d to storage facilities allocated for this purpose. 
It is unlikely that option (d) will be economically viable, and 
option (a) is improbable because once the capital for the wave 
devi ce s is committed, and plant maintenance cost s ma y be less 
related to the period of electr ica l output accepted than to the 
duration for which the devices are on location (or e xposed to 
storms), it wi ll be preferable to us e the output for s ome pur po se . 
The distinction between options (b) and (c) depends upon the fuel 
costs applying at any time as well as upon the levels of lar ge 
thermal , and especially nuclear, plan ting and the pumped-storage 
capacity available; this will determine which course is bes t 
followed . An evalua tion based s imply on 'coal equ i valent saved' may 
be preferable i n the present circumstances, tho ugh the time scale for 
development of wave energy to the 'power station' sca l e ma y make 

























The value of wav e energy depends in part on the numbe r of electrical 
uni ts supplied per annum, and a lso on the ce rtaint y with which units 
will become available at any time of the day . Clearly t here i s an 
impo rtant statistical exe r cise t o be done he r e that will need to 
call upon both real and hindcast wave data for a period of at lea s t 
10 years. 
The output level of each wave energy device depends both on the 
eff iciency with which the sensor responds to each incident level of 
sea energy (bearing in mind also the relative orientation of energy 
spectrum and device axis , the short-crestedness of the waves, 
currents, etc), and any internal restraints that may, for mechanical 
and safety reasons, need to be applied to its mot i on. For example, 
to design the power takeof f arrangements to accept a proportion of 
an incident energy level of 50 kW/m (the proport ion being related to 
the conversion efficiency of the device in those wa ves) gives a 
system that will operate at an output level no higher than this for 
a large part of a year (20% of all waves in Fig. 7. 5 are higher than 
3.5m or about 65 kW/m). As long as the absolute level of the output 
from the device in higher waves is not less than this design value, 
it remains to be decided whether provision should be made for it to 
be more. Depending on the device in question, it may be possible to 
limit its motion and/or build in energy absorbers to ensure that the 
power takeoff system is not exposed to (i.e. has to be designed for) 
much higher throughput levels. In prac tice it will almost certainly 
be necessary to seek a compromise between absorbing all and none of 
the incident energy above a 'design' threshold. There are various 
possible mechanisms for 'shedding' excess inputs, whi ch in the case 
of extreme energy levels will be economically preferable to 
attempting to capture these (20% of the energy from waves for which 
H5 = 8m, Te = 12 seconds still gives nearly 4 MW from a 50m 
cylinder). Quite apart from the physical problem of achieving more, 
the arrival of such 'spikes ' into the gr id is unlikely to be matched 
by similarly high economic values, i.e . their value to the grid 
would be either very small or zero. The most economic arrangement 
for t ransmitted energy levels above the design threshold of, say, 2 
GW will , as before, depend on the persistence of these levels and 
the ease wi th which they can be integrated into the grid alongside 
all other plant then pref e rably in us e . For example, Fig. 7.5 shows 
that only 7. 25% of waves have Hs > Sm ( 135 kW/m ), and only 3% lie 
above 6m (200 kW/m). Absorbing up to 1/2 and 1/3 respectively of 






















s ystem is probably ample, if not too much. For the purposes of 
energy calculations, if these levels were both taken as 50 kW/m, the 
energy output would be underestimated by less than 2%. This is 
small enough to be ignored. 
7. The rates of capital investment in wa ve energy plant and return on 
that investment wi ll be important to determining the viability of 




What minimum transmission capacity that must be installed to 
convey plant output to the main grid? This may not have to be 
up to the full 2 GW power level, but will probably be a 
substant i al proportion of it (minimum number of lines in a 
mult iple line connection). 
The generating plant will probably comprise a number of device 
units, the outputs from which will be brought together to, 
say, a convertor/turbine of capacity, say, 250 MW. 
It will be necessary to expend the capital needed to establish a 
coherent device/transmission system before any return on capital is 
possible, and the size o f this may at minimum be 200 MW of plant at 
sea and 1000 MW transmission capacity. This suggests the need for a 
major construction programme once a system has been adequately 
proven at the scale of, perhaps, 20 MW, this to involve a series of 
full size units supplying a converter stat i on of corresponding 
capacity and on-shore load (e.g. displacing local oil-fired plant 
during the experimental period when the level of incident wave 
energy is sufficient). Some first estimates of initial capital 
costs for a 200 MW station plus transmission are given in Section 
7.2. 
It may be possible to generate from this 'minimum' installat i on when 
the t ransmission system, converter station (for 200 MW) and several 
wave energy devices are coupled up, though it is premature to 
estimate what the installed capacity would then be. It could, 
perhaps, initially involve no more than completing the transmission 
when the pilot 20 MW scheme is well proven, t o absorb this output 






















9. The maintenance/replacement/outage costs for wave ener gy dev ices 
coul d clearly be severe, which suggests the preference for fully 
separate modular devices supplying a collecting main (electr ici ty, 
high pressure oil or seawater) from which each may be disconnected 
at any time without jeopardising the pe r fo rmance of any others 
similar ly connected. Servicing under winter conditions might almost 
be ruled out as impossible, though it may we ll be necessary to have 
stand-by arrangements in case on-site works are unavoidable. The 
cost of providing and using these will be high. Thus although the 
A. 2 
'fuel' is free, the annual running cost of the station could be much 
higher than for thermal plant, fu e l costs excluded. This aspect of 
s ystem cost evaluation must not be overlooked. However, while it 
will be difficult to do this in advance of testing full scale units 
in full scale seas, it would be philosophically wrong to assume the 
need for a major back-up maintenance effort in support of a wave 
energy station, which will persist as a heavy drain on revenue. 
While the alternative of seeking a foolproof design may demand that 
capital expenditure is pitched at such a high level as to make wave 
energy unreasonably expensive on capital considerations alone, such 
an attitude is also applied to nuclear power stations with 
considerable financial success. 
The Na ture of Wav e Ene rgy 
Figs . A. 3a-c show the mean 3-hourly values of H throu gh 197 7 at S.U ist . 
s 
The reco rd is characterised by relatively shor t pe ri ods of high wave s 
and longer pe r io ds of low waves, especially in t he period June -September 
incl us ive (the record f or February is unu sually low fo r that time of 
year) . Figs. A.4-A.6 show some characteristic s of this sequence. 
Clearly the peak values occur over relativel y short periods , and the 
r ates of increase in H, averaged over 6 hours, are often about twice as 
s 
gr eat as the s ubseq uent rates of decay. From Section 7. 3 , however, 
these extr eme levels coinci de with lower captur e effic i ency , and their 
likelihood of r ecu rrence is small (Fig. A.7 ). 
In energy terms , the 'average H ' values shown in Fig . A. 7 represent much 
s 
lower leve l s of output than are available from hi gher waves, so that even 
though the latte r occu r much les s frequentl y (H < 3m for about 70% of 
s 
the year - Fi g .A. 7), the ir energy contribut ion is important up to 
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Fi g . A. 9 interprets th e S. Uist sp ec trum in a s imil a r way t o Fi g . A. 8 , 
r e flecti ng the approximate relationship between H and T shown in s e 
Fi g . A. 7 . (Most of the e nergy at any l evel of H lie s within ± 1. 5 second s s 
of t his r e lationship) . 
Wave energy therefore has two principal features : 
A. 3 
1 . A 'background' level, which in any month can be 
expected to persist through much of that month; 
2. A vari ation, that a t times will lea d to much 
lower energy leve l s for a few s ucc es sive days , 
and a t time s much mor e thou gh for s horter pe riod s . 
However, all but the extreme peaks extend over 
period s o f more than about 12 hours (Fi g . A. 6) . 
Val ue of Wave Energy 
It is generall y f el t that the value of each un it of e l ec tricity gene rated 
by a non -nucl ear source depend s on the proportion of all electricity 
supplied by nucl ea r plant at that time. It is stron g l y he ld in many 
quarters that this proportion must increase substantially over t he next 
two decades , corre sponding to t he period du ri ng which wave energy devices 
may also be insta lled. In this case , the value of wav e energy will 
depend on its usefulnes s alongside a preponderance of nu c lear pl ant . 
Fi g . A.l shows t hat the daily per io d of hi gher e l ectr i cal demand extend s 
over about 12-14 hours , whereas low demand cover s about 6- 8 hours. 
I t is presumably the case that var ia tions in wav e climate do not relate to 
t he time of day . Hence throu ghou t each day , t he 'backg round' output of 
th e wave power station would act a s qu asi - base load plant, with highe r 
l evel by winter than s umme r ( Fi g . A. 4), t hou gh strictly speaking only 'firm' 
at a very low output level . The bulk of the output would correspond to 
the timescale of one or mor days , during whi ch time it would also be 'firm'. 
Beca use th ese pe riod s ca n be predicted one or more days i n advance of their 
occurrence , s tandby plant of equivalent c apac ity wou l d not have to be 
maintained on s hor t - te rm rea d ines s . 
Substantial fuel saving would there fore occur, espec iall y during 
the da y time period (about 60% o f the day) . The base lo ad s aving i s 
a dd itional to t his, t hough its ene r gy content i s les s . By 1979 values , 
the return from th is resource will probabl y lie in the range 2- 2 . 5 p/kWh 






















At ni ght th e r esour ce would be more valuable in a coal - base d ne twork , 
when its outpu t wou l d d isplace th is plant (a s in the dayt ime , even in 
a nu clear - base d system) . I f nuclear plant oc c up ies the bas e load zone, 
it may be more prudent to s tore the wave en ergy generated a t n i ght if 
this can be rel e a sed during the day in su ch a way as to displace t he need 
for a capital (and fuel) commitment on equivalent therma l plant. 
If a high value for wave energy is to be achieved, it is important 
to transfer the OU tpu t at night into the dayt ime period. Depending on 
how this can be done , it seems possible that, in current t e rms, 
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